Abstract Eukaryotic cells can migrate using different modes, ranging from amoeboid-like, during 6 which actin filled protrusions come and go, to keratocyte-like, characterized by a stable morphology 
Introduction

19
Eukaryotic cell migration is a fundamental biological process that is essential in development 20 and wound healing and plays a critical role in pathological diseases, including inflammation and pathways and cell shape can be crucial in determining the mode of migrationCamley et al. (2013, 48 2017). Furthermore, most of these models only focus on one specific migration mode and do not 49 address transitions between them. Therefore, it remains an open question how cell mechanics, 50 coupled to a biochemical signaling module, can affect spontaneous cell polarity and can determine 51 transitions between cell migration modes. 52 Here we propose a novel model that couples an oscillatory biochemical module to cell mechanics. 53 Our choice of the biochemical model was motivated by recent findings that the self-organized 54 phosphatidylinositol (PtdIns) phosphate waves on the membrane of Dictyostelium cells exhibit 55 characteristics of a relaxation oscillator Arai et al. (2010) . Our model is able to generate amoeboid- 56 like, keratocyte-like, and oscillatory motion by varying a single mechanical parameter, the protrusive 57 strength, without altering the biochemical signaling pathway. We determine how the transitions 58 depend on these parameters and we show that keratocyte-like motion is driven by an emergent 59 traveling wave whose stability is determined by the mechanical properties of the cell. Finally, we 60 experimentally obtain all three migration modes in wild-type Dictyostelium discoideum and explicitly 61 verify model predictions by reducing the actin protrusive force using the drug latrunculin B. Our 62 model provides a unified framework to understand the relationship between cell polarity, motility 63 and morphology determined by cellular signaling and mechanics.
64
Models and results
65
Model
66
Our two-dimensional model is composed of two modules: a biochemical module describing the dynamics of an activator-inhibitor system which works in the relaxation oscillation regime, and a mechanical module that describes the forces responsible for cell motion and shape changes (Fig.1a) . Our biochemical module consists of a reaction-diffusion system with an activator (which can be thought of as PtdIns phosphates and thus newly-polymerized actin Gerhardt et al. 
where and are the diffusion coefficients for and , respectively. In these expressions,
67
( ) is the self-activation of the activator with a functional form that is similar to previous studies: The timescale of the inhibitor is taken to be much larger than the timescale of the activator.
71
Finally, to ensure robustness to stochasticity, we add uniformly distributed spatial white noise terms 
where is a friction coefficient, is the boundary width of the phase field, and ( ) is a Hamiltonian from experimental data and given in Table 1 .
97
Computational results
98
We first examine the possible migration modes as a function of the protrusive strength for fixed 99 area , parametrized by the radius of the disk used as initial condition, and default parameters.
100
As shown in Fig.2 (Fig.2b ).
152
We constrain our cell area to be within the physiological relevant ranges with a maximum initial cell 
Experimental Results
167
To test our model predictions, we carry out experiments using wild-type Dictyostelium cells (see since the switching of these modes can occur on a timescale that is shorter than gene expression 213 timescales (Fig. 3b) 
Here, ( ) is a double well potential with minima at = 1 and = 0: ( ) = 18 2 (1 − ) 2 . We implement area conservation as = (∫ 2 − 0 )̂ where represents the strength of the area conservation and 0 is the prescribed area size determined by initial cell radius through 0 = 2 . The friction is = so that is obtained from the force balance equation: = ( + + )∕ . The motion of the phase field is then determined by the advective equation ∕ = − ⋅ ∇ . Finally, coupling the phase field equations to the reaction-diffusion equations presented in the main text, we arrive at the full equations:
The parameters of the mechanic module, such as tension and bending, are taken from Camley 
Numerical details
290
The parameters used for numerical simulations are listed in The diffusion terms ∇ ⋅ ( ∇ ) are also approximated using finite difference. The -term, for example, One important consequence of the above reasoning is that there will be a transition from phase space (Fig. 2b) . To determine how this area conservation term affects the observed dynamics, 402 we reduce the area conservation parameter from = 10 to = 0. were collected on three different days. P values were computed with the Wilcoxon rank sum test.
438
Fluorescent images (488-nm excitation) were captured with a 63x oil objective using a spinning-disk Table S1 with = 8 m. 
